The evolution of the Palaeo-southern Tianshan Ocean (one of the major constituents of the Palaeo-Central Asian Ocean) has been hotly debated in the recent literature. The key issue is the time of closing of the Palaeo-southern Tianshan Ocean and the nature of its related continental arc system. Occurrences of ophiolite, blueschist and eclogites were reported along the major fault (i.e. Nikulaev line, see Fig. 1a and b) of the southwestern Tianshan Mountains, and studies on these rocks provided controversial conclusions. Some researchers suggested that the Palaeo-southern Tianshan Ocean closed by the end of the Early Palaeozoic (Shi et al. 1994) , whereas others believed that it closed during the Late Palaeozoic (Windley et al. 1990; Gao et al. 1998; Chen et al. 1999; Maksumova et al. 2001; Xiao et al. 2006) . Zhang et al. (2007) suggested that the Palaeo-southern Tianshan Ocean probably did not close until the Triassic period, based on zircon chronology studies of retrograded coesite eclogites from the southwestern Tianshan Mountains. In most cases, Late Palaeozoic volcano-sedimentary strata cover Proterozoic to Silurian sedimentary-metamorphic rocks in the southwestern Tianshan Mountains. These Late Palaeozoic volcano-sedimentary rocks, widely exposed in the southwestern Tianshan Mountains, consist of rhyolite, trachyte, trachy-andesite, basalt, tuff with volcanic clastic sedimentary rocks, sandstone and limestone (Qian et al. 2006; Zhu et al. 2006a) . Early studies suggested that these volcanic rocks are related to rifting (Che et al. 1996) or to a large igneous province associated with a mantle plume (Xia et al. 2004) . However, the mantle plume hypothesis could not be proven, as the Late Palaeozoic volcanic rocks in the southwestern Tianshan Mountains consist mainly of felsic volcanic rocks (.70 vol.%, andesite, rhyolite, tuff and clastic sedimentary rocks) with less significant amounts of basaltic rocks. Basaltic rocks are absent in some regions (especially in the eastern part of the southwestern Tianshan Mountains; see Zhu et al. 2005) . Recent studies suggested that these volcanic rocks were formed in a continental arc environment (Zhu et al. 2005 (Zhu et al. , 2006a Qian et al. 2006; Zhao et al. 2007; Wang, B., et al. 2007) . We believe that the 'plume hypothesis' cannot be applied to the southwestern Tianshan Mountains for the following reasons: (1) the typical rock associations of a large igneous province are absent; (2) the exposure area of the volcanic rocks is much smaller than that of the Emeishan basalts (Xu et al. 2001 ) and the Columbia River basalts (Coffin & Eldholm 1994 ; the Columbia River basalts probably represent the smallest large igneous province reported in the geological literature). In this study, we show that the age range of these volcanic rocks is greater than 50 Ma, which is inconsistent with one large igneous province erupted in a short period. Providing a correct interpretation of the genesis of these volcanic rocks is important for understanding the tectonic evolution of the southwestern Tianshan Mountains. Here we present detailed data on petrology, element geochemistry, SrNd-Hf isotopic geochemistry and zircon chronology to constrain the genesis of the Late Palaeozoic volcanic rocks in the southwestern Tianshan Mountains.
Regional geology
The triangular-shaped Yili terrane (referred to as central Tianshan) is sandwiched within the north Tianshan and southwestern Tianshan orogenic belts and widens westwards into Kazakhstan and Kyrgyzstan (Fig. 1a) . The Tianshan major fault divides the Yili terrane from its northern orogenic belt (i.e. north Tianshan). The Nikulaev line serves as the boundary between the Yili terrane and the southwestern Tianshan orogenic belt (Fig. 1b) . The Proterozoic to Silurian sedimentary-metamorphic rocks are overlain by distinctly different Late Palaeozoic volcano-sedimentary strata (Wang et al. 1994 (Fig. 2a) , Dahalajunshan (Fig. 2b) , Xinyuan ( Fig. 2c) and Laerdundaban-Yuximolegai (Figs 1b and 2d ). Late Palaeozoic basaltic rocks occur mostly in the western region (Tekesdaban and Dahalajunshan) although these rocks occupy less than 30% of the volume of the volcano-sedimentary section. In the western part of the southwestern Tianshan Mountains (i.e. Tekes-Zhaosu-Gongliu), volcanic rocks consist mainly of basalt, basaltic andesite, andesite, rhyolite with tuff and volcanic clastic sedimentary rocks, covering Silurian strata with angular discontinuity (or faulting contact, Figs 1b and 2a,b) . The eclogite-bearing blueschist is overlain by these volcanic rocks in the southern Zhaosu region. Sandstone, silt, tuff with clastic sedimentary rocks, and slate are covered by volcanic rocks, mainly consisting of basaltic andesite, andesite and trachy-andesite in the Tekesdaban region (from Gongliu to Tekes town, Fig. 2a ). Sample TS08 of fresh basaltic andesite in the middle of this section was collected for zircon separation. The Dahalajunshan section, located to the south of Tekes town, consists mainly of basalt and andesite with volcanic tuff and clastic sedimentary rocks (Fig. 2b ). These rocks are in thrust contact with Proterozoic marble and limestone.
Towards the east (in Xinyuan region), andesite to rhyolite with tuff and volcanoclastic sedimentary rocks are the major components (generally .80 vol.%) of the volcano-sedimentary sequences. The Xinyuan section ( Fig. 2c) with two limestone interlayers, consists principally of basalt, basaltic andesite interlayered with tuff in the lower part, trachy-andesite and basaltic trachy-andesite with tuff and clastic sedimentary rocks in the middle part, and rhyolite with clastic sedimentary rocks in the upper part. The thickness of volcanic and clastic-carbonate rocks is nearly equal in this section, forming a basin filled with volcanic rocks and oceanic-continental sedimentary rocks.
Further east (the Laerdundaban section), the volcano-sedimentary rocks, directly covering Silurian metamorphic rocks (Fig.  2d) , mainly consist of trachy-andesite (with lenses of strongly altered basaltic rocks at the bottom of the sequence) and basaltic trachy-andesite in the lower part, trachyte, rhyolite and tuff in the middle part, and trachy-andesite, trachyte and rhyolite in the upper part. Rhyolite, dacite and andesite, widely occurring in the Yuximolegai region to the north of the Laerdundaban region along the Duku road (see Fig. 1b ), were also collected for geochemical study and zircon sensitive high-resolution ion microprobe (SHRIMP) dating. Late Carboniferous gabbros (Zhu et al. 2006b; Xue & Zhu 2009 ) and Permian granites (Wang, C., et al. 2007) intruded the Late Palaeozoic volcano-sedimentary units covering the Yili terrane and the southwestern Tianshan Mountains.
Analytical methods
Whole-rock samples were ground in an agate mill, after careful washing in distilled water. Major elements were measured by X-ray fluorescence (XRF) spectrometry on glass discs made by fusion of whole-rock powder with lithium metaborate. Trace element contents of whole-rock samples were analysed by quadrupole inductively coupled plasma-mass spectrometry (Q-ICP-MS) at the Institute of Geology & Geophysics (IGG), Chinese Academy of Science. Reference materials JP-3, GSR-1 and JSR-3 were used to control the data quality. Results of our calibration analyses compared consistently well with the reference values (e.g. the recommended La, Zr and Sr values for JP3 are 8.81 ppm, 97.8 ppm and 403 ppm (Imai et al. 1995) , respectively; our measured La, Zr and Sr contents are 8. 96-8.84 ppm, 91.84-92.13 ppm and 386.4-394.4 ppm, respectively) . This quality control demonstrated that the precision of our analyses is ,10% deviation from true values for most trace elements except Cs and Ho relative to JP3. However, relative to GSR1 and GSR3 (Xie et al. 1989) , the precision of our analyses for all trace elements is ,10% deviation from true values.
Samples for isotopic analysis were dissolved in Teflon bombs after being spiked with 84 0.000012 (1ó, n ¼ 12; recommended value for Nd La Jolla is 0.511849, Upadhyay et al. 2008) . Blanks were of the order of ,0.3 ng for Sr and ,0.1 ng for Nd. The Nd isotope data were normalized to the accepted reference values for La Jolla. Zircon was hand picked under a microscope. Cathodoluminescence (CL) images were obtained for zircons using a CAMECA SX-50 microprobe. Zircons were dated using the SHRIMP II installed at the Beijing SHRIMP Center, and the data correction was based on Williams (1998) . In situ zircon Hf isotopic analyses were conducted by multi-collector (MC)-ICP-MS using a ThermoFinnigan Neptune system, coupled to a GeoLas 193 nm ArF excimer laser ablation system at the IGG. Spot sizes of 32 ìm with a laser repetition rate of 10 Hz at 100 mJ were used during analyses. Raw count rates for 172 (Goolaerts et al. 2004; Woodhead et al. 2004) .
Results

Zircon chronology
Zircons separated from representative rock samples were subjected to chronology studies. The results are shown in Figures 3-7.
Zircons from the Tekesdaban basaltic andesite (TS08)
Zircons with clear magmatic zonation in TS08 are mainly short columnar ( Fig. 3a-f ). Some zircons have cores. The rims of 18 zircon grains were studied and the results are shown in Fig. 3g -i. The apparent ages of measured zircon rims vary between 342 and 388 Ma. One zircon core has an apparent age of 817 Ma with Th/U ratio of 0.69 (TS08-10.1). The contents of U (76-1277 ppm) and Th (39-1313 ppm) are highly variable and show a linear correlation ( Fig. 3j and k) . Their 232 Th/ 238 U ratios range between 0.52 and 1.37. The SHRIMP data for all other zircon rims plot on U-Pb concordia and have a weighted average 206 Pb/ 238 U age of 361.3 AE 5.9 Ma (n ¼ 18, MSWD ¼ 3.6, Fig. 3h and i), which represents the youngest age for magma eruption in the Tekesdaban region, as sample TS08 was taken from the middle of this section. This age is consistent with previously reported zircon 206 Pb-238 U ages. Zhai et al. (2006) provided an age of 363.2 AE 5.7 Ma for a quartz andesite sample collected from the Axi gold mine (about 150 km north of Tekesdaban; see Fig. 1b for 
Zircons from Xinyuan basaltic rocks (TS069, TS01)
Two kinds of zircon crystals (long columnar and short columnar) in basaltic andesite sample TS069 show typical magmatic zonations ( Fig. 4a and b) . Most zircons have cores showing magmatic zonations. Only zircon rims were dated to obtain the magma eruption time. All 15 analysed points plot on the concordia and give a weighted average 206 Pb/ 238 U age of 358.2 AE 3.7 Ma (95% confidence, MSWD ¼ 2.98, Fig. 4c ). However, apart from three analyses with obviously older apparent ages (which might represent a mixture of the zircon cores and rims, and were thus rejected), the other 12 points give a weighted average 206 Pb/ 238 U age of 355.3 AE 2.4 Ma with a higher precision (95% confidence, MSWD ¼ 1.69, Fig. 4d ). The contents of U (67-518 ppm) and of Th (32-303 ppm) are moderately variable ( Fig. 4e and f) . The 232 Th/ 238 U ratios of these zircons range between 0.45 and 1.19 (Fig. 4g ). We suggest that the magma eruption in the Xinyuan region started at c. 355 Ma, because the zircons measured were separated from the bottom of the volcano-sedimentary section (see Fig. 2c ).
Zircons in TS01 (basalt) are mainly prismatic in shape with magmatic zonations. Some zircons also have cores with magmatic zonations (Fig. 5a-f Fig. 5h and i), which is consistent with the age of zircons from the underlying sample TS069 (c. 355 Ma).
Zircons from the Laerdundaban trachy-andesite (TS04)
A fresh trachy-andesite sample (TS04) covering the altered basalt (see Fig. 2d for location) contains inherited zircons. All inherited zircons show brighter CL images compared with the magmatic zircons in the same sample (Fig. 6a) . The inherited zircons have apparent ages of 1604-1810 Ma, with one as old as c. 2340 Ma. Zircons with apparent 206 Pb/ 207 Pb ages of 1620-1720 Ma plot on the U-Pb concordia (Fig. 6b) . These inherited zircons contain low U (20-258 ppm) and Th (12-131 ppm) with moderate Th/U ratios (0.35-0.79). The magmatic zircons in TS04 with dark CL images have high contents of U (759-4605 ppm) and Th (861-15011 ppm) with high Th/U ratios (1.17-2.95, Fig. 6e-g ). Most data plot on the U-Pb concordia and give a weighted average 206 Pb/ 238 U age of 324.0 AE 4.9 Ma (95% confidence, n ¼ 13, MSWD ¼ 3.0, Fig. 6c and d) . 
Zircons from the Yuximolegai rhyolite (TS1618)
There are two types of zircons in the Yuximolegai rhyolite: longcolumnar crystals with a clear core and rim texture (Fig. 7a-c ) and euhedral grains with sector zoning (Fig. 7c-e) . We tried to measure only the margins of the zircons during SHRIMP dating. Most zircons have bright CL images showing magmatic zonation with moderate U (106-740 ppm) and Th contents (79-960 ppm) with Th/U ratios of 0.57-1.38 ( Fig. 7h-j) . All the measured data plot on the U-Pb concordia and give a weighted average 206 Pb/ 238 U age of 316.0 AE 2.5 Ma (95% confidence, n ¼ 15, MSWD ¼ 1.9, Fig. 7f and g ).
Geochemistry
Late Palaeozoic volcanic rocks in the southwestern Tianshan Mountains belong to the calc-alkaline suite, ranging from basalt to rhyolite in a total alkalis-silica (TAS) diagram (Fig. 8a) . Most of these rocks are classified as high-K or medium-K series, with several trachy-andesite and trachyte samples being classified as shoshonite (Fig. 8b) . Samples are grouped in three periods based on the above-described zircon SHRIMP dating results: Late Devonian (385-359 Ma), Early Carboniferous (359-318 Ma) and Late Carboniferous (318-299 Ma). The Late Devonian volcanic rocks (in the Tekesdaban and Dahalajunshan regions) range from basalt, basaltic andesite, andesite and trachy-andesite to trachyte. Samples collected from the Xinyuan section (Early Carboniferous) continuously range from basalt, basaltic andesite, basaltic trachy-andesite and andesite to trachy-andesite. The Late Carboniferous volcanic rocks (in the Laerdundaban and Yuximolegai regions) are basaltic andesite, basaltic trachy-andesite, andesite, trachy-andesite, trachyte, dacite and rhyolite. Basaltic rocks are generally insignificant for the Late Carboniferous volcanic rock suite.
The REE distribution patterns for most of the studied samples are similar, showing obvious enrichments of light REE (LREE) and negative Eu anomalies (Fig. 9) . However, the REE fractionation patterns are different for samples from different regions as well as for different rock types. Total REE contents in rock samples collected from the Tekesdaban section vary from 119 to 221 ppm with (La/Yb) N of 6.18-9.47 and obvious negative Eu anomalies (Eu/Eu* ¼ 0.68-0.83, see Samples of the Late Devonian volcanic rocks from Tekesdaban ( Fig. 10a) and Dahalajunshan (Fig. 10b ) exhibit similar geochemical signatures in the primitive mantle normalized spider diagrams, with obvious enrichments of large ion lithophile elements (LILE). Depletions of Nb-Ta, P and Ti also are apparent. Basalts from Dahalajunshan show no obvious Sr anomalies, whereas most basaltic andesite samples display strong Sr enrichments (Fig. 10b) .
The samples from the Xinyuan section mainly consist of basaltic rocks (total REE 51.7-76.5 ppm) and andesitic rocks (total REE 60.5-155.3 ppm). The REE fractionation characteristics of basaltic samples from Xinyuan (Fig. 9c) are less variable than those of the andesitic samples (Fig. 9d) (Fig. 10c) . The andesitic samples show strong enrichments of LILE with depletions of Nb, P and Ti (Fig. 10d) .
Samples from the Laerdundaban section mainly consist of trachyte, basaltic trachy-andesite, trachy-andesite and rhyolite. One rhyolite sample (TS191) is obviously enriched in REE (total REE c. 200 ppm) with an obvious negative Eu anomaly (Eu/Eu* ¼ 0.73, see Fig. 9e ), whereas other samples (total REE 65.3-149 ppm) with negative Eu anomalies (Eu/Eu* ¼ 0.64-0.97) show moderate fractionation of REE with (La/Yb) N values of 2.64-6.09. The primitive mantle normalized spider diagram for these volcanic rocks shows strong LILE enrichments with Nb and Ti valleys (Fig. 10e) .
Samples from the Yuximolegai region consist of rhyolite, dacite and andesite. One andesite sample (TS022) has an extremely high total REE content (178 ppm) relative to rhyolite (TS017, total REE ¼ 90.6 ppm). Both andesite and rhyolite samples show enrichments of LREE with strong negative Eu anomalies (Fig. 9f) . The primitive mantle normalized spider diagrams for the Yuximolegai rhyolite and andesite samples are highly variable. All samples show Nb and Ti valleys and enrichments of Cs, Rb, Th and U (Fig. 10f) .
The Sr-Nd isotopic compositions of the representative volcanic rock samples in the southwestern Tianshan Mountains are shown in Figure 11a . 
Lu-Hf isotopic composition of zircons
The Lu-Hf isotopic compositions of the zircon rims were analysed to constrain the magma source of the Late Palaeozoic volcanic rocks in the southwestern Tianshan Mountains. The Lu-Hf isotope analysis results are shown in Figure 12 Figure 12d . The old (inherited) zircons have obviously low å Hf (T.470Ma) values (from À0.7 to À5.5), indicating that the inherited zircons are different in origin from the Late Palaeozoic volcanic zircons, which probably represent the relics of old continental crust recycled into the studied magma sources.
Discussion
Time constraint for volcanic arc related to the Palaeo-southern Tianshan Ocean subduction A northward subduction of the Palaeo-southern Tianshan Ocean beneath the Yili terrane during Devonian to Carboniferous time terminated the convergent phases of mountain building in the southwestern Tianshan Mountains (Gao et al. 1998; Zhang et al. 2003) . The recently identified Silurian-Devonian active-margin deep-marine systems and palaeogeography in the Alai Range of the southwestern Tianshan Mountains (Pickering et al. 2008) have provided additional evidence that the Palaeo-southern Tianshan Ocean subducted northwards beneath the Yili terrane during the Devonian period. In the southwestern part of the southwestern Tianshan Mountains (Tekesdaban region), the section along a national road (Fig.  1b) exposes neither the bottom nor the top of the volcanosedimentary suite (Fig. 2a) . Zircon sample TS08 separated from basaltic andesite was collected from the middle part of this section. Thus, the zircon 206 Pb-238 U age of the sample TS08 (361.3 AE 5.9 Ma, Fig. 3h and i) indicates only that the magma eruption occurred before c. 361 Ma (Late Devonian). Zircons (TS069, TS01) were separated from the bottom of a volcano-sedimentary section roughly 10 km thick (see Fig. 2c ). Early Carboniferous in the central part of the southwestern Tianshan Mountains.
A layer thicker than 6000 m, mainly consisting of volcanic rocks, directly covers the Silurian gneisses and schist (Fig. 2d) in the eastern part of the southwestern Tianshan Mountains (Laerdundaban region). Sample TS04 represents zircons from a trachy-andesite collected at the section bottom (see Fig. 2d for location). The zircon 206 Pb-238 U age of this sample (324 AE 4.9 Ma, Fig. 6c and d) Zhu et al. 2005) . That sample was collected from c. 500 m higher in the same section (see Fig. 1f for location) . The magma eruption in the Laerdundaban region therefore lasted until c. 313 Ma or later.
The Yuximolegai region, locating to the north of the Laerdundaban region, is mainly covered by Carboniferous rhyolite, andesite, tuff and clastic sedimentary rocks. The zircon 206 Pb-238 U age of sample TS1618 separated from rhyolite (316.0 AE 2.5 Ma, Fig. 7f and g ) represents the late stage of magma eruption in the eastern part of the southwestern Tianshan Mountains.
Therefore, the time span of the studied volcanic rocks in the southwestern Tianshan Mountains is large (.361 Ma to c. 313 Ma), which suggests that the Late Palaeozoic volcanic eruptions in the southwestern Tianshan Mountains occurred at different times (in different regions). The magmatic activity in the western part of the southwestern Tianshan Mountains was earlier (Late Devonian) than that in the eastern part (Early Carboniferous to Late Carboniferous). The variation in time and space of the volcanic rocks in the southwestern Tianshan Mountains indicates that the magma eruptions started in the western part of the southwestern Tianshan Mountains (e.g. Tekesdaban, Dahalajunshan) during the Late Devonian. Volcanic activity in the central part of the southwestern Tianshan Mountains (e.g. Xinyuan) occurred during the Early Carboni- ferous (c. 355 Ma). In the eastern part of the southwestern Tianshan Mountains (Laerdundaban-Yuximolegai), the magmatic eruptions did not occur until the Late Carboniferous (,324-313 Ma), and mostly formed trachy-andesite, andesite, trachyte and rhyolite. This time-space trend suggests a volcanic chain, progressing from the western (in the Late Devonian) to the eastern part (in the Late Carboniferous) of the southwestern Tianshan Mountains. This .600 km long volcanic chain does not end at the border between China and other countries (Kazakhstan, Kyrgyzstan); similar volcanic rocks in Kazakhstan and Kyrgyzstan dated as Late to Early Devonian have been reported (Volkova & Budanov 1999; Maksumova et al. 2001; Kurchavov et al. 2002; Morozov & Talitskii 2006) . Thus the southwestern Tianshan Mountains extends to Kyrgyzstan, Tajikistan and Kazakhstan, and connects the Atbashi, Fan-Karategin and Bashijier-Xierpuhov Devonian volcanic belts.
The geochemistry of trace elements demonstrates that the studied volcanic rocks are typical of continental arc magmatism. The data presented here suggest that the Devonian-Carboniferous volcanic rocks in the southwestern Tianshan Mountains, mainly consisting of basalt, trachyte, trachy-andesite, andesite and rhyolite, represent the continental arc formed during the subduction of the Palaeo-southern Tianshan Ocean during Late Devonian to Carboniferous times. The southwestern Tianshan Mountains represent the continental margin of the Yili terrane during the formation of the Late Palaeozoic volcanic rocks.
During that period, the Palaeo-southern Tianshan Ocean continued its subduction northwards.
The zircon 206 Pb-238 U ages, the T DM ages of Hf isotopes for zircons and the T DM ages of Nd isotopes for the whole-rock samples are inconsistent. Figure 11b displays Figs 3-7) . A trend can be roughly identified, as the rock age decreases with the decrease of the Nd T DM ages (see Fig. 11b ). This trend probably reflects the geochemical signatures of magma sources in different regions (from the western to the eastern part of the southwestern Tianshan Mountains) and at different times (from Late Devonian to Late Carboniferous). The Nd T DM ages for the Yuximolegai samples (637-991 Ma) and the Laerdundaban samples (806-1071 Ma) are similar, and both differ from those of the Xinyuan samples (1054-1538 Ma), the Tekesdaban samples (1508-1695 Ma) and the Dahalajunshan samples (1578-1705 Ma). The Late Carboniferous magma source has a Neoproterozoic Nd T DM age. The Early Carboniferous magma source has a Mesoproterozoic Nd T DM age. The magma source of the Late Devonian volcanic rocks has a Mesoproterozoic to Palaeoproterozoic Nd T DM age. The large time span of the Nd T DM ages implies a mixture of different magma sources, as the T DM age of the Nd isotopes reflects the time when magma separated from the depleted mantle. Fig. 12f and g ). The Hf T DM ages (0.92-0.36 Ga for zircons with 206 Pb/ 238 U ages of ,361.3 Ma) are generally younger than the Nd T DM ages (1.70-0.71 Ga), which suggests that Hf isotope geochemistry of the Late Palaeozoic magmatic zircons represents only the geochemical signatures of the corresponding magma at its early evolution stage, because zircon generally is an early phase crystallized in magma at high temperature, whereas the Nd isotopes of the whole-rock samples represent the total results of the magma evolution, during which time continental crust was assimilated for the Late Devonian samples at least (see below). Consequently, magmatic rocks become enriched relative to the mineral phase crystallized at early stage. Thus, the high positive å Hf values (weighted average values of +9.5, +8.9 and +10.3 for Late Devonian, Early Carboniferous and Late Carboniferous samples, respectively; see Fig. 12e ) of the studied zircons suggest that the magma originated from a depleted mantle.
Magma source of the Late Devonian volcanic rocks
The differences between the Sr and Nd isotope compositions of the basaltic and andesitic rocks rule out a single origin of each whole assemblage by simple fractional crystallization and strongly support the occurrence of open-system processes for the Devonian volcanic rocks in the southwestern Tianshan Mountains. The rocks with low å Nd and high initial 87 Sr/ 86 Sr values could be produced by a combination of continental crust and mantle, as suggested by many researchers (Hart 1988 ). The AFC model is used to explain the isotope characteristics of the Late Devonian volcanic rocks in the southwestern Tianshan Mountains. In the AFC calculations, F represents the ratio of residual magma mass to the initial magma mass. The lower the value of F the greater the fractional crystallization. The value of r represents the ratio of assimilated wall-rocks to the rate at which fractionating phases are being effectively separated from the magma. The larger the r values the stronger the assimilation process. This value may be changing continuously as magma moves through the continental crust. D Sr and D Nd represent the bulk solid-liquid partition coefficient between the fractionating crystalline phases and the magma for Sr and Nd, respectively. Based on the distribution coefficients of Sr and Nd (see Rollinson (1993) Chen et al. 2000) are assumed to represent the end-member of the mantle wedge and the continental crust, respectively. The compositions of the Late Devonian basaltic rocks can be modelled by the AFC process with end-members of depleted mantle and Proterozoic gneissic biotite granite (see Fig. 11a ).
The The contamination of the magma source of the Late Devonian magma by the continental crust also is shown by the behaviour of trace elements. The group I samples are especially enriched in Ba (mostly higher than 400 ppm) relative to the group II samples. Both Ba and Th are highly concentrated in Proterozoic gneissic biotite granite (Th ¼ 19 ppm, Ba ¼ 1185 ppm, Chen et al. 2000) . The positive correlation between Ba and Th for the Late Devonian volcanic rocks (Fig. 11c) suggests that the basaltic magma contains relatively low Th and Ba compared with the andesitic magma. The magma corresponding to the Late Devonian andesitic samples contains apparent higher Zr compared with the basaltic samples (Fig. 11d) . This is related to the partial melting of zircons in Proterozoic gneissic biotite granite (as well as in the sedimentary rocks). The addition of these zircons in magma could provide a reasonable interpretation for the higher Zr contents (see Fig. 11d ) in the studied Late Devonian volcanic rocks with lower å Nd(T) values. The inherited zircons occurring in the studied volcanic rocks have negative å Hf (T) values (À0.7 to À5.1, see Fig. 12d ). The addition of continental materials with such zircons to the magma source would apparently decrease the å Nd(T) values of the whole-rocks but would not greatly affect the å Hf (T) values of the newly crystallized zircons. Zircons in Proterozoic gneissic biotite granite should be the last melted phase. This implies that the high Zr concentrations in the Late Devonian andesitic samples correspond to a higher degree of partial melting of Proterozoic gneissic biotite granite compared with the basaltic samples (with lower Zr concentrations, see Fig. 11d ). Consequently, the AFC process was weak for the basaltic magma compared with the andesitic magma (see Fig. 11a ). The higher degree of AFC for the group I samples is consistent with the significant partial melting of the continental crust.
The crystallization of the magmatic zircons in the Late Devonian andesitic rocks occurred at an early stage of the AFC process, when the zircons in country rocks still were not melted but most of the other mineral phases of the country rocks had been partially melted. That is why most of the å Hf (T) values obtained from the Late Devonian zircons are positive whereas only the inherited zircon cores have negative å Hf (T) values (see Fig. 12d ). The increased assimilation of country rocks (Proterozoic gneissic biotite granite as well as sedimentary rocks) caused the enrichments (low å Nd(T) values, high 87 Sr/ 86 Sr (T) ratios, high Ba and Th contents, Fig. 11a and c) .
Magma source of the Carboniferous basaltic rocks
The Carboniferous volcanic rocks in the southwestern Tianshan Mountains plot in the mantle array in a graph of 87 Sr/ 86 Sr v. å Nd(T) (Fig. 11a) . These Carboniferous magmatic rocks are characterized by high å Nd(T) values (À0.18 to +5.95) and variable initial 87 Sr/ 86 Sr ratios (0.7032-0.7054). The high field strength element (HFSE) pairs (e.g. Nb-Ta and Zr-Hf) are generally thought to exhibit concordant geochemical behaviour during mantle melting. Similar to most Late Devonian samples, the (Nb/Ta) N ratios of most Carboniferous samples are ,1.0 whereas the (Zr/Hf) N values are close to 1.0. The strong Nb-Ta fractiona-tion (most (Nb/Ta) N ,0.8) might be caused by mantle alteration as a result of subduction fluid. This is indicated also by the enrichments of LILE and depletions of Nb and Ti in the primitive mantle normalized plots for basaltic (Fig. 10c) , andesitic and rhyolite samples in the southwestern Tianshan Mountains (see Fig. 10d-f) . The AFC process in the Carboniferous magma could be negligible, based on the positive å Nd(T) values and low initial 87 Sr/ 86 Sr ratios (see Fig. 11a ), with one exception (sample TS096, å Nd(T) ¼ À0.18, Ba ¼ 627.7 ppm; this sample probably has been contaminated by Proterozoic gneissic biotite granite). This exception and the highly variable å Hf (T) values (+14.5 to +1.4) for zircons in sample TS02 with ages of 313-316 Ma suggest that continental crustal contamination might be heterogeneous for the Late Carboniferous volcanic rocks.
The degree of partial melting corresponding to the primitive rock samples in the southwestern Tianshan Mountains can be characterized using REE abundances and ratios. Highly incompatible La and less incompatible Sm abundances in basalts should constrain bulk source composition, as their contents would not be controlled by spinel-and garnet-bearing source mineralogy (Aldanmaz et al. 2000; Green 2006 ). The primitive rocks in the southwestern Tianshan Mountains have La abundances and La/ Sm ratios greater than those generated by melting of either a depleted mantle or a primitive mantle composition (Fig. 13a) . Similar to the subduction-modified Garibaldi volcanic belt (Green 2006) , the partial melting trajectories that coincide with the basaltic rocks in the southwestern Tianshan Mountains imply 5-20% partial melting of the mantle source characterized by La abundances and La/Sm ratios enriched relative to the primitive mantle or enriched (E)-MORB. Calculations show that the Carboniferous basaltic rocks in the southwestern Tianshan Mountains correspond to a partial melting of 8-20% enriched mantle rocks (see Fig. 13a ). The magma source could be further constrained as garnet-spinel lherzolite in the plot of Yb v. La/Yb (Fig. 13b) . With garnet-spinel lherzolite as magma source, the magma of Early Carboniferous basaltic rocks could be produced by partial melting of 12-19% (F ¼ 0.12-0.19), and the Late Carboniferous basaltic trachy-andesite could be produced by a relatively low degree of partial melting (8-9%, Fig. 13b ).
General implications
The studied Late Devonian to Late Carboniferous volcanic rocks in the southwestern Tianshan Mountains have widely scattered geochemical and petrological characteristics that formed in a continental arc environment. Our results indicate that we have to be cautious in trying to constrain tectonic environments based on geochemical characteristics of magmatic rocks. For example, the Late Devonian zircons from the southwestern Tianshan Mountains volcanic rocks, with variable å Hf (T) values of +2.8 to +15.6 (weighted average +9.5, Fig. 12a) , suggest that the magma should be generated from a depleted mantle, whereas the wholerock samples of the Late Devonian basaltic rocks have negative å Nd(T) values of À5.16 to À3.07 with an average of À4.06 (n ¼ 10) and high initial 87 Sr/ 86 Sr ratios (0.7073-0.7098, see Fig. 11a ), suggesting an enriched magma source. Such a paradox is probably a general feature of the geochemical nature of magmatic rocks formed in a continental arc. The implication of this work is serious, as conclusions based solely on Sr-Nd isotopic compositions could be wrong at least for island arc magmatic rocks. Magma generated in the southwestern Tianshan Mountains continental arc has been contaminated by continental crustal materials in different places (at different time) to different degrees. Melting curves (lines) for spinel lherzolite (ol53 + opx27 + cpx17 + sp11) and garnet peridotite (ol60 + opx20 + cpx10 + gt10) sources with both DM (dashed lines) and E-MORB (continuous lines) compositions are after Aldanmaz et al. (2000) . Short lines on each melting curve correspond to degrees of partial melting for a given mantle source. The Early Carboniferous basaltic samples tend to display higher degrees of melting (15-20%) than those responsible for the Late Carboniferous basaltic trachy-andesite (7-10%). (b) Yb v. La/Yb plot showing samples of Early Carboniferous basalts and Late Carboniferous trachy-andesite in the southwestern Tianshan Mountains. Also shown are model results for non-modal partial melting of garnet and spinel lherzolite sources containing different proportions of these minerals (100% garnet:0% spinel, 50%:50%, 20%:80% and 0%:100%) following the method of Class et al. (1994) . The source is assumed to be enriched relative to chondritic composition (La ¼ 1. 
Conclusions
The Late Palaeozoic volcanic rocks with geochemical characteristics of arc magma, mainly consisting of basalt, trachyte, trachy-andesite, andesite and rhyolite, widely distributed in the southwestern Tianshan Mountains, represent the continental arc formed during the subduction of the Palaeo-southern Tianshan Ocean northwards under the Yili terrane. The zircon dating results demonstrate that this continental arc formed in the Late Devonian (.361 Ma, western part of the southwestern Tianshan Mountains) and Early Carboniferous (355-352 Ma, central part of the southwestern Tianshan Mountains) and was active until the Late Carboniferous in the eastern part of the southwestern Tianshan Mountains (c. 313 Ma). The studied volcanic rocks formed a volcanic chain greater than 600 km long. During the long history of arc evolution, the melt or fluid derived from Proterozoic gneissic biotite granite and/or sedimentary rocks in the subduction zone reacted with the mantle wedge. Consequently, the Proterozoic-Early Palaeozoic continental crust contributed to the Late Palaeozoic magma, as evidenced by the old inherited zircons with negative å Hf values as well as the negative å Nd values for the Late Devonian basaltic rocks. Calculation shows that the Late Devonian volcanic rocks formed by an AFC process between MORB and Proterozoic gneissic biotite granite, whereas the Carboniferous basaltic rocks originated by the partial melting of 8-20% lherzolite (the mantle wedge) with crustal contamination occurring locally and heterogeneously, as evidenced by the highly variable Sr-Nd-Hf isotopic compositions of the Late Carboniferous zircons.
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